The Elizabeth copper mine in east-central Vermont is a concordant orebody lying within medium to high-grade metamorphic rocks of the Gile Mountain formation, believed to be Ordovician in age.
INTRODUCTION T•I•. Elizabeth copper mine is located in the Strafford quadrangle in central
Initially the Elizabeth mine was operated for its pyrrhotite used in the manufacture of iron sulfate (copperas), and it was not until 1830 that a company was formed to exploit the deposit for its copper content. The estimated production x of the mines prior to 1943 is:
Mine
Tons of ore mined Average grade
Schists in which biotite predominates over muscovite are rare; the dark color of the schists is due to varying amounts of finely divided, disseminated carbonaceous material.
•' Under a microscope, the muscovite of some schists is almost opaque due to the preponderance of carbonaceous matter. Isolated lenses of the black material one-half inch thick and several feet long are noted in the underground workings of the Elizabeth mine. As the schists grade into more arenaceous facies, the amount of carbonaceous material becomes less, and the rock becomes lighter in color.
Field observations indicate that light gray quartzitic schist and dark schist are developed in roughly equal proportions. The two types grade into each other, and the lithologic character of a bed is generally not maintained for more than a few feet in thickness. The maximum thickness of a bed of uniform nature is approximately thirty feet.
Quartzites and impure quartzites are lenticular in nature and c/m seldom be traced through a fan of diamond drill holes, even where individual holes are ten or twenty feet apart, and the horizons are known to pass through successive holes. Both underground and field observations indicate that the lenticular nature of the beds is predominantly a depositional characteristic of the original sediments. Biotite-tremolite schist is present in .discontinuous beds within the ore zone of the Elizabeth mine. The rock consists of pale biotite, tremolite, and lesser amounts of calcite and andesine. The rock, which was named "skarn" by Mikkola, grades into dark biotite schist and amphibolite both along and across the strike of the bed.
Fifteen stratigraphically distinct beds of medium-to coarse-grained am• phibolite occur in the lower part of the Gile Mountain formation and are marked on the surface map, Figure 3 , as beds A to M. Some bands are locally developed and discontinuous; however, many of them can be traced four to five miles, and several have been traced twelve miles. The greatest thickness of any bed is 200 feet. Field and underground observations show that the beds lens out both along strike and down dip, and that the variation in thickness of a specific bed is generally unrelated to folding. However, tectonic thinning and thickening does occur in the Standing Pond amphibolite in the vicinity of the village of Strafford (Fig. 3) and to a lesser degree underground in the Westwall amphibolite (Fig. 15 ).
The term "amphibolite" is used here to designate rocks that are rich in black or dark green amphibole which has the refractive indices of common hornblende. Although used, the term is not always strictly applicable as the beds may contain as little as eight percent hornblende whereas the bulk of the rock is composed of plagioclase (An 17-38) and calcite. Varying proportions of minerals permit amphibolite bands to be divided into submembers that differ greatly in macroscopic appearance.
The common amphibolite is medium-grained and distinctly gneissic. 
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The rocks of the member consist of very fine-grained needle amphibolite, together with lesser amounts of coarse hornblende schist and medium-grained gneissic amphibolite similar to some amphibolite beds of the Gile Mountain formation. Locally, the amphibolite beds grade into dense black biotite and biotite-tremolite schist. The thickness of the Standing Pond amphibolite varies from zero to 1,000 feet, but much of this variation is due to tectonic thickening and thinning. The thickness of the unit away from highly deformed areas appears to range between 100 and 200 feet. Minor folds conforming to this interpretation are evident in the mine and its vicinity. tern of zig-zag folds plunging north-northeast. As the Gile Mountain formation is younger than the Waits River formation, the northeasterly plunging dextral pattern of folds is, therefore, opposite to that expected. This dextral pattern of folding is also reflected by amphibolite bands within the Gile Mountain formation. However, the amplitude of a given fold as outlined by successively more easterly amphibolite bands, decreases in an easterly direction until the structure of the Gile Mountain formation becomes a steeply dipping (60 to 80 ø E) series of metasediments exhibiting only minor drag folds (Fig. 3) .
West of the mine, the dextraI zig-zag folds give way to a large doubly The trend of their axes and the degree of plunge are similar to those of the folds of the "Christmas-tree" structure; however, the traces of their axial planes cross the trace of the axial planes of the main-structure folds at angles as great as 60 degrees (Fig. 4c) .
The overall fold pattern of the cleavage flexures is sinistral and similar in trend, trend of fold axes and plunges to the folds developed during the earlystructure deformation (Fig. 4a) . Both sets of folds are consistent with upward movement of rocks on the east with respect to those on the west. That is, both sets of folds are dragfolds on the east limb of a regional anticline whose axis lies to the west of east-central Vermont.
Correlation of the Three' Types of Structure.--The inference of the field data is that the earty and late structure folding was formed by a single deformation (Acadian), which formed the homoclinal structure of eastern Vermont. During the late stages of this deformation, localized uplift by a low density mass of rock gave rise to the "Christmas-tree" folds that were superimposed on, and effectively masked the detail of the pre-existing simpler structure. The uplift of the low density rock presumably ceased during the dying phase of compression, represented by cleavage and bedding rolls superimposed across the "Christmas-tree" pattern of folds but sympathetic in both fold sense and plunge to the early-structure folds. The sequence of events is illustrated in Figures 4a, b and c. 
STRUCTURE AT THE ELIZABETH MINE
Introduction.--The two orebodies of the Elizabeth mine are bedded within the Gile Mountain formation at the contact of schist and two Closely spaced amphibolite beds. The orebodies are structurally related to the "Christmas-tree" folds of the area (Fig. 4) . Minor folds of the early structure are present within the mine but have no bearing whatsoever on the distribution of ore. The folding discussed below belongs to the "Christmastree" pattern of folds. Early structure folds are too small to illustrate on small scale maps or cross-sections.
Structure.--The detailed fold structure at the Elizabeth mine is outlined by the two amphibolite beds. Apart from these marker horizons and some of the rocks within the main ore zone itself, there are no other rocks Sufficiently distinctive to be traced more than twenty or thirty feet along the strike or dip 'of'the beds.
Of the two amphibblites, the apparently higher stratigraphic member * is called the Westwall amphibolite, and the lower one the Footwall-Hanging- these extremes. Plunge observations as little as five feet apart are noted to be highly divergent and commonly oppositely plunging. In the backs of some development headings, en echelon patterns of doubly plunging small synclines are observed in which the offset pattern is always right-handed.
Minor folded folds and cross-folds are also observed. Cross-folds, in the sense used here, are folds that are creased or buckled in such a manner that the axis of the folds and of the buckle make distinct angles with one another. Both in this instance, and in the case of the folded folds (Fig. 11c) Pre-ore faults are strike faults parallel to the axial planes of the minor folds. In the southern Section of the mine where the orebody is more tabular in shape (Fig. 15) Fig. 10b) . Fault movement is variable, and the direction of displacement on one fault is not necessarily the same as that on an adjacent fault.
Since the faults are strike faults, the determination of net slip is very difficult. However, the conclusions of the study are that the faults are predominantly gravity faults. Isolated strike slip faults have been noted although generally the strike slip component on faults is small or negligible.
In the main ore zone, normal displacement predominates. Some reverse faults occur but are much less common. The latter have a maximum observed displacement of four feet compared to the maximum observed displacement of forty feet on a normal fault. In only one instance has the strike slip component of a main ore zone strike fault been positively determined, but this was possible where an east-west striking vertical post-ore dike transects the ore zone. The dike was later cut by faults. The displacement is eight feet, west block north. Based on less accurate methods of determination, it is believed that the maximum order of strike slip movement is eight feet. .Age o1 • Faults.---Evidence already presented shows that pre-ore faults developed during the deformation that gave rise to the regional "Christmastree" structure, and are accepted as being part of the Acadian orogeny (middle and/or late Devonian).
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The post-ore faults are post-folding and metamorphism and can be dated as being.younger than the Mississippian (?) metadiabase dikes, which they truncate.
• almost universal bedding schistosity (Fig. 12a), (2) axial plane slip cleavage  (Fig. 12b), (3) gradation of bedding schistosity into a schistosity that with the axial plane in the apical position of folds (Fig. 12d) , and (4) pos: sible local examples of axial plane schistosity (Fig. 12c) . As this schistosity has been seen only in apical positions of large folds, the possibility exists that it is actually (3). The writer cannot confirm the presence of axial plane schistosity. Presumably it would be present where isoclinal folds existed.
Slip cleavage is developed later than bedding schistosity and the modified bedding-axial plane schistosity (3) and transects them.
Schistosity.--The term schistosity is used to designate the parallel orientation of platy minerals including muscovite, biotite, and chlorite, and the elongation of the non-micaceous minerals. The mineral orientation is predominantly parallel to bedding, and the writer believes that this fact is related to the origin of bedding lineation of hornblende in the amphibolite beds of the district. Textural relations suggest that the growth of metamorphic minerals largely preceded deformation. The preferred orientation of hornblende crystals lying in the bedding planes of fine-grained and non-gneissic amphibolites indicates that hornblende grew by mimetic crystallization.
Inferred from the above facts, it seems likely that foliation parallel to the attitude of bedding has a similar origin, that is, that the growth of micas parallel to bedding occurred during the process of mimetic crystallization. It is suggested that had deformation and the thermal peak of metamorphism coincided, axial plane schistosity would have been the dominant foliate structure of the area. The presence of modified bedding-axial plane schistosity illustrated in Figure 12d can be interpreted as a modification of bedding schistosity in the thickened apical positions of folds during subsequent deformation. (Fig. 4) .
The difference between fracture cleavage and the slip cleavage here is borne out by the fact that slip cleavage develops parallel to the lengthening of the rocks as a whole and to the axial planes of folds, and not at an angle between 0 and 45 degrees, as required by the mechanics of fracture cleavage. Moreover, detailed study shows that the displacements on some adjacent parallel slip planes are in opposite directions. Although this cleavage is characterized by parallel shears, it does not agree with the mechanics of shear cleavage described in texts.
Field data previously described indicate that cleavage is intimately related to the formation of the Strafford dome. The cleavage forms an arch that wraps about the dome in general conformity with the overall shape of the dome as outlined by the Standing Pond amphibolite.
Lineation.--Lineation is conspicuous within the mine workings, and is apparent as axes of major and minor folds, intersections of cleavage with bedding, crinkles or small drag folds formed at the intersection of cleavage and bedding schistosity, elongation, and streaking of biotite, boudinage, and slickensides. Of these, the most prominent is the crinkling seen in the schists. Scattered sulfide zones can be traced along both horizons out of the ore zones, and traces of sulfides can be followed 1,500 feet to the surface in the case of the 15100N cross-section (Fig. 7) .
The No. 3 orebody occupies a zone between the Footwall amphibolite and overlying schists on the western limb of the Elizabeth syncline (S1). It has been mined sporadically between coordinates of 14200N and 16700N.
To the north of the last mentioned point, mineralization is not evident. Due to thinning of the schists in the mid-section of the mine (12000N), the two amphibolite horizons are close to one another and the No. 3 and the lower part of the main ore zone merge into one another for some distance. To the south beyond 12700N, the No. 3 orebody dies out as the limb distance between A3 and S1 shortens. Only weak mineralization exists at 10100N (Fig. 5) .
In detail the thick ore sections of the No. 3 orebody are associated with folding of two kinds, illustrated in Figures 13 and 14c . The folding illustrated in Figure 13 ( Fig. 10) . This modification is coincident with the narrowing and lensing out of the Westwall amphibolite horizon adjacent to the ore zone, as well as the dying out of the Elizabeth syncline (S1).
The overall plunge of the main ore zone is 10 to 14 degrees north in the southern two-thirds of the mine and approximately zero in the northern section, although in the northernmost thousand feet of the mine workings, the plunge reverses to seven degrees south. The strike of the ore zone is approximately N5øE, and the dip variable from 60øE to 90 ø.
At the northernmost end of the mine, the vertical height of the main ore zone is fifty feet, and the shape is that of an overturned west-block-up drag .
' 650' EL. and reaches a minimum thickness of approximately five feet before it increases rapidly to 40 to 60 feet in the area below the lower drag fold. In the narrow areas, the ore zone may lack sulfide lenses altogether and be represented by a zone of scattered sulfides of uneconomic grade. A detailed illustration depicting the presence of ore in drag fold positions and the absence of ore in straight limb positions is shown in Figure 16 .
Mode of Eraplacement of the 3'•lfides.--As stated, the dominant feature that distinguishes the shapes of both the main ore zone and the No. 3 ore zone is the thickness of ore associated with drag fold positions, and the thinness of the ore in straight limbs between drag folds. This is true both in the overall structure and in structures down to one foot or less in size.
In the larger drag fold positions the orebody consists either of alternating lenses of sulfides and interbanded schist (Fig. 16) or of massive sulfide bodies containing both large and small randomly-oriented blocks of schist, which give the appearance of a schist breccia set in a groundmass of sulfides (Figs. 14c,  17) . In general, the brecciation has been too extreme and replacement of schist fragments too great to attempt reconstruction of the breccia blocks to their original positions (Fig. 17) . Pre-ore faults are, in places, associated with schist breccia and, as previously mentioned, their associated gouge is commonly replaced by very fine-grained sulfides.
If Figure 18b . The grain size of the bulk of the sulfides in the mine which are thought to have been emplaced in this way is medium grained (0.1 to 0.5 mm in diameter). In some small fractures that are offshoots of the orebody and crosscut the stratigraphy for several feet, the ore is commonly extremely coarse grained and suggests open space filling. Proof of the contemporaneity of the coarsegrained ore with the medium-grained ore that forms the bulk of the orebody is that identical bleaching and wall rock alteration accompanies both types of ore (Fig. 18b) . The sulfides were introduced under garnet metamorphic grade, which would imply that sulfides were stable under the particular PT conditions prevailing at that time and would not suffer any recrystallization then or during the decreasing PT conditions which followed.
There appears to be a relationship between the extent of the main ore In support of this hypothesis, it is pointed out that, almost without exception, mines, prospects, and pits of the Orange County copper district are on the contact of amphibolite beds. Chemical favorability of the amphibolite beds would appear to be ruled out as orebodies are seldom found in the amphibolite itself. Generally, the only sulfides in amphibolite are those that have diffused in from orebodies on the contact of amphibolite or have been precipitated in fractures and permeable zones along which movement of hydrothermal solutions could take place.
